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Abstract
Nitrogenous fertilizer has remarkably improved rice (Oryza sativa L.) yield 
across the world since its discovery by Haber-Bosch process. Due to climate 
change, future rice production will likely experience a wide range of environ-
mental plasticity. Nitrogen use efficiency (NUE) is an important trait to confer 
adaptability across various abiotic stresses such as flooding, drought and salinity. 
The problem with the increased N application often leads to a reduction in NUE. 
New solutions are needed to simultaneously increase yield and maximize the 
NUE of rice. Despite the differences among flooding, salinity and drought, these 
three abiotic stresses lead to similar responses in rice plants. To develop abiotic 
stress tolerant rice varieties, speed breeding seems a plausible novel approach. 
Approximately 22 single quantitative trait loci (QTLs) and 58 pairs of epistatic 
QTLs are known to be closely associated with NUE in rice. The QTLs/genes for 
submergence (SUB1A) tolerance, anaerobic germination (AG, TPP7) potential 
and deepwater flooding tolerance (SK1, SK2) are identified. Furthermore, phy-
tochrome-interacting factor-like14 (OsPIL14), or loss of function of the slender 
rice1 (SLR1) genes enhance salinity tolerance in rice seedlings. This review updates 
our understanding of the molecular mechanisms of abiotic stress tolerance and 
discusses possible approaches for developing N-efficient rice variety.
Keywords: abiotic stress, crop establishment, climate change, QTLs, food security
1. Introduction
Nitrogen is the most abundant (78%) of the atmosphere in gaseous form as an N2 
molecule. But it is not directly available to the plants for their growth and develop-
ment [1]. It is the foremost important major essential nutrient element involved 
in the physiological processes in plants. Globally, nitrogen deficiency is a crucial 
growth-limiting factor for plants, especially under abiotic stresses. The nitrogen 
use efficiency (NUE) is defined as the output of any crop plant per unit of nitrogen 
applied under a specific set of soil and climatic conditions [2]. Agronomist usually 
considers the amount of rough rice produced per unit of nitrogen applied as the 
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efficiency of nitrogen, but physiologist defined it as the amount of rough rice  
produced per unit of nitrogen absorbed [3, 4]. The latter is also termed as N utilization 
efficiency. Apparent N recovery is based on N uptake measurement in the above-
ground plant parts and assumes that fertilized and control crops absorb the same 
amount of soil N. On the other hand, physiological and agronomic efficiencies are 
based on grain yield rather than total dry matter production. However, the enhance-
ment of NUE under an abiotic stressful environment has paramount importance to 
the future rice breeder.
Rice (Oryza sativa L.) is grown in a wide range of ecosystems from the tropic 
to the temperate regions, but productivity is severely tormented by various abiotic 
stresses [5, 6]. Farmers may encounter flooding or waterlogging if heavy rain occurs 
immediately after seeding before or after transplanting. The flooding can cause 
complete crop failure because of the high sensitivity of rice to anaerobic conditions 
caused by flooding during germination [7, 8]. There are various forms of flooding 
caused by directly from heavy rains and/or flooding from adjacent rivers, leading 
to drastic reductions in rice yield, ranging from 0.5 to 2.0 t ha−1 [9]. Flash floods 
are relatively short durations, prevailing some days to a couple of weeks. Apart 
from this, stagnant flooding (30–50 cm water depth) may occur at any time of the 
monsoon. Sometimes, the stagnant flooding may have coincidence with the flash 
flood resulting in severe impacts on rice production. In deepwater areas, stagnant 
water present from 0.5 m to a few meters in the field, usually for 4-6 months. The 
depth of water in some of these deepwater areas can exceed 4 m as in floating-rice 
areas. Rice breeders have been trying to develop a unique rice variety having specific 
adaptive traits to tackle these types of floods [10–12]. Recently, the Bangladesh 
Rice Research Institute has developed a deepwater rice variety, BRRI dhan91, for 
the deepwater ecosystem. However, the application of nitrogenous fertilizer is very 
challenging to the deepwater rice field and the NUE of this ecosystem is not yet 
been well investigated.
Another one among the most important abiotic stresses is drought. Despite the 
importance of drought as a major factor in yield reduction in rainfed ecosystems, 
few efforts have been made to develop high-yielding drought-tolerant rice variety. 
Impending rice production will experience a range of drought stress. The root archi-
tectural plasticity is taken into accounts as a very important characteristic to confer 
tolerance to drought stress [13]. Deciphering the genetic and molecular mechanisms 
controlling root phenotypic plasticity is important for effective screening, selection 
and rice breeding efforts. Despite the likely genetic complexity behind the regula-
tion of trait expression in line with environmental conditions, phenotypic plasticity 
is heritable and selectable. The QTLs have been identified incur for plasticity in 
aerenchyma development and lateral root growth in response to drought stress 
in rice [14]. These QTLs can be used in advanced breeding for the development 
of a drought-tolerant rice variety. Due to global climate change, rice crops will 
face diverse stresses, including prolonged drought stress, poor soil fertility, and 
unpredictable rainfall. Rice establishment, either by transplanting or direct seeding, 
depends upon the rainfall pattern. Therefore, the identification of root phenotypic 
plasticity traits suitable for adaptation to the particular range of conditions faced 
by rice crops, as well as the genetic regions responsible for those plasticity traits, 
may facilitate selection for wide adaptation of rice genotypes to variable conditions 
to confer sustainable yield. Quantification of root architectural plasticity possesses 
significant value to detect which root traits may play the pivotal roles in rice adapt-
ability to drought. It is reported that the most plastic genotypes in root traits may 
show the most yield stability under various dynamics of drought stress [11]. In this 
regard, many drought-tolerant cultivars, like N22 and Moroberekan, have been 
selected from rainfed ecosystems through traditional processes. These cultivars 
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harbor genes for tolerance to abiotic stresses, including a wide range of drought 
[15]. But due to their low yield potential and poor grain quality, farmers and con-
sumers are reluctant to prefer these cultivars. This provides a unique opportunity 
for rice breeders to develop high-yielding drought-tolerant varieties.
Salinity is another major abiotic stress that is globally distributed in both 
irrigated and non-irrigated areas [16, 17]. On a global basis, salinity stress ranked 
second after the drought [18]. Salt stress affects many aspects of rice growth and 
development, especially during seed germination and seedling growth [19]. It is 
one of the most prevalent environmental threats to global agricultural productivity, 
especially in arid and semi-arid climates, where population growth, water shortage 
and land degradation are major concerns [1, 20]. Salt-affected soils are identified by 
high electrical conductivity (EC), sodium adsorption ratio (SAR) and pH, calcar-
eousness, poor organic matter, less biological activity and imbalance in physical soil 
conditions. Salinity causes toxicities of ions like Na+ and Cl−, osmotic stress and ionic 
imbalance to the root zone or in the soil body, including soil impermeability [21], 
resulting in nutrient uptake problems in rice plant. Salt stress is the osmotic stress 
expressed on seedling to the reproductive stage when they are growing under high 
saline conditions. The N is the essential element for the synthesis of chlorophyll, 
amino acids, nucleic acids, and proteins. Reduction in plant dry matter is sometimes 
observed under severe NaCl salt stress and N deficiency. This phenomenon possibly 
happens because of the decrease in sugar or starch accumulation [1, 22]. The NUE 
of nitrogenous fertilizers in saline soil depends upon its mineralization pattern, soil 
salinity levels, soil texture, temperature, freshwater irrigation and soil pH [23]. As 
NUE for rice plants under salt-affected soils is relatively lower than those on normal 
soils, the judicious use of nitrogenous fertilizer application in saline soil is needed. 
Breeders involved in salinity tolerant rice, it is groundbreaking news that the over-
expression of PHYTOCHROME-INTERACTING FACTOR-LIKE14 (OsPIL14), or 
loss of function of the DELLA protein SLENDER RICE1 (SLR1), accelerate meso-
cotyl and root growth under salt stress and minimize the sensitivity to NaCl-induced 
hindrance of seedling growth in rice [17].
2. Crop establishment methods under abiotic stress
Crop establishment under abiotic stress is crucial for farmers, even though 
farmers are coping with this stress condition. There are many more abiotic stresses; 
out of those, we will discuss only flooding, drought and salinity stress.
2.1 Crop establishment under flooding stress
Proper rice establishment is significantly important in flood-prone areas 
because of its sensitivity to flooding during germination (Figure 1) and early seed-
ling stage relative to other growth stages [24, 25]. In most areas of Asia, irrigated 
rice is established by transplanting of seedlings into puddle soil [26, 27], after 
which the fields are flooded for a prolonged time and recession of water is done 
before harvesting. Puddling gives some advantages such as it reduces water loss by 
percolation, assists weed control through destroying weeds, burying weed seeds 
and maintaining anaerobic conditions that impede weed germination, and makes 
the soil soft for transplanting [28, 29]. In many rainfed areas of Bangladesh and the 
eastern part of India, water deposits in the field to around 30 cm or more within 
a few days after the onset of the rainy season, making the farmers to transplant 
taller and older seedlings being their only viable option in their hand [30]. Many 
variations in direct-seeding are being practiced depending on water availability 
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and field conditions [29]. Due to increasing labor scarcity and cost, however, 
the need to shift a more suitable establishment method with much lower labor 
requirement than manual transplanting is conducted. This can be achieved by 
changing to mechanical transplanting or direct-seeding, which also enable timelier 
planting/seeding and improved crop stand [31]. Researchers in China [32], South 
Asia [33], and Australia [34] reported that rice could be successfully grown using 
dry-seeding. Dry-seeding rice has been developed as an alternative establishment 
method of rice that alters labor requirements and other inputs while increasing or 
maintaining economic productivity and alleviating soil degradation problems in 
cropping systems [35, 36].
The three basic methods of direct seeding are water seeding (broadcasting seed 
into standing water), dry-seeding and wet-seeding [31]. In wet seeded rice (WSR), 
the pre-germinated seeds are broadcasted or sown in rows on the saturated soil 
surface, typically after puddling. Dry-seeding involves broadcasting or preferably 
drilling the seed into non-puddled soil, usually after dry tillage [31]. Water seeding 
involves pre-germinated rice seeds broadcast in standing water and is practiced 
in some cooler areas like in California, Central Asia and Australia [30]. The main 
advantage of this method is that the standing water suppresses the majority of 
weed species. This is common in temperate irrigated areas, but could potentially 
be adapted in flood-prone rainfed lowlands in the tropical area where farmers can 
Figure 1. 
Crop establishment methods and seed management options under early flooding stress using anaerobic 
germination (AG) potential rice genotypes in direct-seeded rice (DSR) system under field condition.
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practice early sowing without waiting for a complete recession of floodwater, to 
minimize the risk of delayed maturity and late-season drought [26]. Once the rice 
crop has been established in direct-seeded systems and based on water availability, 
the field is flooded to suppress weed growth and water depth is then maintained 
at 5–10 cm through most of the season, later water is gradually drained prior to 
harvest [30]. The type and degree of adoption of alternative rice crop establishment 
methods to puddling and manual transplanting vary across Asia. In some parts of 
South East Asia (Philippines, Malaysia, and Vietnam) and Sri Lanka, transplanting 
has been replaced in large areas by wet-seeding on puddled soil [2, 26]. In the more 
developed East Asian countries, like Japan and South Korea, transplanting in pud-
dled soil using specialized machinery has been a common practice for many years, 
and there is now emerging interest in mechanical transplanting into either puddle 
or non-puddle/dry tilled soil in parts of India. In parts of South Asia, especially in 
the rice-wheat systems of north-west India, dry-seeding of rice is at the early stages 
of adoption. The same seed drill can also be used for sowing other crops; thus, dry-
seeding may be more conducive to the mechanization of rice establishment than the 
use of a single purpose mechanical transplanters in regions where farmers also grow 
non-rice crops [37].
The establishment methods involving puddling have several disadvantages, 
including higher tillage costs, adverse effects on soil structure for upland crops 
grown in rotation with rice, and high water requirement for crop establishment. 
Irrigation cost for crop establishment can be reduced by avoiding puddling, 
with or without a change in the crop establishment method. For example, both 
mechanical transplanting and wet-seeding can be done in non-puddled soil after 
saturating the soil (after dry tillage or no-tillage) [38]. Dry-seeding into dry or 
moist soil, can further reduce the water requirement for crop establishment, with 
or without prior dry tillage as for transplanted and wet seeded rice. Nevertheless, 
direct-seeded rice in the field for 2–3 weeks is longer than transplanted rice, 
increasing the length of the irrigation season. It has been observed that the 
extraction of water is more uniform across depths with direct-seeded rice 
because of better root growth than with transplanted rice [39]. At the early stage 
of crop growth, up to 60 days after sowing (DAS) growth rate is relatively higher 
in DSR and WSR than transplanted rice, having more plant density per unit area 
compared to transplanting [40].
2.2 Crop establishment under drought stress
Drought is an environmental occurrence imposed by the synergistic effect of 
hydrological, climatic, and natural forces that result in insouciant precipitation for 
agricultural production over a long period [41]. Globally drought severity is one 
of the serious concerns because of its immense impacts [42]. The frequency and 
severity of global drought remain omnipresent and the incidence or extremity of 
drought has been increasing globally, such as in the Mediterranean region [43], 
Central China [44], and Africa [45]. Drought is a major constraint to rice produc-
tion worldwide, as it can occur for varying lengths of time and intensity at any 
stage of rice growth and development. With the increasing human population and 
depleting water resources, the development of drought-tolerant rice is of supreme 
importance to minimizing rice yield losses from drought stress [46]. The major 
obstacle of rain-fed rice production is drought [47]. Irrigated conditions induce 
shallow root systems to uptake the resources from the top layer of the soil, whereas 
rain-fed conditions favor a deep and robust root system, needed to extract the water 
and nutrients from a wider volume of soil [48]. Three common types of drought 
can be found for rice production: early water scarcity that causes a delay in seedling 
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establishment through transplanting, mild sporadic stress having cumulative 
effects, and late stress affecting long duration varieties [49].
Drought stress induces different physiological and biochemical changes in rice 
at various developmental stages [50]. It is reported that the plant acclimatized to 
drought stress through modification of its roots into thicker and longer to uptake 
nutrient and water from a relatively higher depth of soil and it is found that assimi-
lates are translocated to roots instead of shoots in response to drought stress [51]. In 
contrast, some researchers opined that root growth in rice decreases under drought 
stress [52]. These findings show that the response of roots to water stress is highly 
dependent on the rice genotype, period and intensity of stress [53]. The impact of 
drought stress on rice yield also depends on the growth stages, with the seedling, 
tillering, flowering, but if rice plant faces severe drought at the panicle initiation 
stage might be the most sensitive stage resulting huge loss in yield [54].
2.2.1 Role of root to uptake water under drought
As roots uptake water and nutrients from the soil; hence, the morphological and 
physiological characteristics of roots play a vital role in determining shoot growth, 
successive development and ultimate crop production [55]. The access of water to a 
plant is measured by its root system, root properties, root structure, and distribu-
tion of root and rootlets, so improving root traits to expedite the uptake of soil 
moisture and uphold the productivity under drought stress is of paramount interest 
[56, 57]. Herbaceous plants like rice have a root system comprised of coarse roots, 
which include the primary roots that originate from the taproot system and the 
nodal/seminal roots of fibrous root systems, easily distinguishable from the finer 
lateral roots [58]. Moisture deficiency can be recovered through modification of the 
root-shoot ratio and maintain leaf gourd cell-mediated process under drought stress 
[59]. The optimal dry matter partitioning theory proposes that a plant distributes 
the assimilates among its different parts for optimum growth and development 
[60]. It further suggests that the shoot ratio and some other signaling processes may 
change the ratio to balance the assimilates that alter plant growth even the plants 
produce certain root for adaptation [61]. Roots having a small diameter and a high 
specific root length expedite the surface area of roots in contact with soil water 
and also increase the influx of the xylem through the apoplastic pathway [62, 63]. 
Moreover, the decrease in root diameter also assists in enhancing water access and 
upraises the productivity of plants under drought stress [64].
Agronomic adjustments to root plasticity may occur when plant combat with 
multiple resources limitation [65]. Root architecture varying with rice seedling 
establishment methods; dry direct seeding prone to more edaphic stresses than irri-
gated transplanted methods [31]. Moreover, the adjustments in high yield potential 
among genotypes showing the highest degree of root plasticity may be due to genetic 
potentiality rather than functional adjustments. Undesirable traits to drought stress 
such as tall plant height and very early flowering have been reported previously, 
later in high-yielding, medium-duration drought-tolerant rice varieties developed 
[66, 67]. So the exact identification and fine-mapping of the QTLs governing 
the root plasticity traits identified [68]. The positive plasticity values noticed in 
response to stress indicate that the growth of that particular root trait was increased 
due to stress application. This response is distinct from an allometric response, in 
which larger root biomass is related to larger shoot size, because though root growth 
increased under drought stress but shoot growth down-regulated under stress [68]. 
The genotypes showing most root-plasticity have positive correlations for root 
architectural traits between and drought suggest that the most root-plastic geno-
types would consistently show a plastic response in different drought environments 
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either in transplanting or direct seeding or in other soil types [68]. The genotypes 
having the most root-plasticity under drought also would show a relatively greater 
degree of plasticity under low phosphorus content soil, depending on the soil depth 
[68]. Combinations of multiple root plasticity traits in response to drought and/or 
low-phosphorus have been related to genotypic variation for adaptation to various 
environments [69]. It is reported that no single functional parameter was strongly 
incurred to trends in root plasticity or yield [68]. In line with root architectural 
plasticity, traits such as root anatomy, water use efficiency, and phenology has 
been reported to be related to more stable plant establishment across versatile 
environments in various species [70, 71]. In the case of rice, phenological plasticity 
in response to drought may be difficult to assess because rice exhibited delayed 
flowering under drought, and this delay can be reduced by plasticity in root archi-
tectural traits, which improve moisture uptake. A set of QTLs has been identified 
related to root architectural plasticity traits and phenotypic plasticity traits in rice, 
resulting in getting a better understanding of rice establishment under drought 
stress [68].
2.3 Crop establishment under salinity stress
Generally, rice plants are very sensitive to salinity stress during the early stages of 
seedling establishment, post-germination and reproductive stage and relatively less 
sensitive during tillering and grain filling stages [72, 73]. Under salinity altering in 
the shoot to root ratio as a consequence of root length reduction was supposed to be 
the avoidance mechanism of the seedlings from salt stress. Salinity accumulates the 
toxic ion in plants, causing a mineral imbalance. The essential ions are reduced and 
do not meet the demand resulting in hindrance in normal physiological activities of 
rice plants. High salt stress impedes the seed germination process, while low salt stress 
induces seed dormancy [74]. To cope with such stress conditions, seeds develop a 
mechanism of maintaining low water potential, other specific avoidance, escaping, or 
tolerance mechanisms to protect the damage by salt stress [75]. Salinity limits germi-
nation in a number of ways. From reducing the osmotic potential of soil, which makes 
a decline in water imbibitions by seed [74] to the creation of ionic toxicity, which alters 
enzymatic action involved in nucleic acid metabolism. Other effects of salt stress on 
seed germination include changes in the metabolic process of protein [76]. Seeds are 
usually more sensitive to salt stress due to close association to the surface of the soil. 
Accumulation of NaCl to a toxic level in soil, ionic stress decreases the rate of germi-
nation [77]. Seed could not absorb water properly because of lower water potential 
induced by salt stress resulting in toxic effects to the developing embryo and delay in 
the germination process [78]. The average time of seed germination depends on salin-
ity severity and genotype’s inherent quality. There is a strong negative co-relationship 
between the strength of salinity stress and the rate of germination [79]. Salinity 
exhibits an immense effect on the germination index and seed size [80]. Small-sized 
seeds show a relatively higher germination index than large size seeds under salinity 
stress. Salinity has a negative effect on germination percentage, rate of germination 
and germination speed [81]. After germination, in successive growth of the seedling, 
salinity reduces shoot and root dry matter production in rice genotypes [82], and the 
magnitude of reduction increased with increasing salinity level (Table 1).
2.3.1 Plant physiology under salinity
Higher amounts of salt in the soil cause a serious threat to various metabolic 
processes of plants, which results in a reduction of crop yield. Soil salinity limits the 










Genotype Salinity level (dS m−1)
0 5 10 15 0 5 10 15
Shoot dry weight (g/10 plants) Root dry weight (g/10 plants)
IR20 0.060 0.05 (17) 0.028 (53) 0.016 (73) 0.068 0.048 (29) 0.036 (47) 0.016 (76)
POKKALI 0.134 0.116 (13) 0.064 (52) 0.044 (67) 0.152 0.076 (50) 0.026 (83) 0.018 (88)
IR29 0.140 0.07 (50) 0.036 (74) 0.014 (90) 0.06 0.048 (20) 0.022 (63) 0.012 (80)
NERICA 1 0.084 0.064 (24) 0.024 (71) 0.008 (90) 0.054 0.038 (30) 0.018 (67) 0.01 (82)
NERICA 5 0.076 0.054 (29) 0.032 (58) 0.02 (74) 0.13 0.056 (57) 0.016 (88) 0.004 (97)
NERICA 12 0.092 0.068 (26) 0.046 (50) 0.028 (70) 0.062 0.04 (35) 0.024 (61) 0.01 (84)
NERICA 19 0.054 0.038 (30) 0.014 (74) 0.004 (93) 0.036 0.028 (22) 0.002 (94) 0.0 (100)
IWAII 0.090 0.068 (24) 0.032 (64) 0.02 (78) 0.068 0.046 (32) 0.028 (59) 0.016 (76)
Values in parenthesis indicate percent reduction to respective controls.
Table 1. 
Effect of salinity on shoot and root dry weight (g/10 plants) of different rice varieties [82].
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downstream in plant growth rate [83]. Excess salt concentration in the root zone of 
plants causes a change in plant water potential. Salinity causes a reduction in turgor 
pressure in plant cells due to less water uptake by the plants. Insufficient water limit 
cell division and regulation of stomatal aperture, which lead to low photosynthesis 
rate and in severe case causes plant tissues death [84]. Aside from this, reduction 
in turgor pressure causes stomatal closure, resulting reduction in gaseous exchange 
of transpiration [20]. Salinity causes other physiological disorders, like changes 
in membrane permeability, leading to misfolding of membrane proteins [85] and 
suppression of the photosynthesis [86]. Reduction in enzymatic activities and 
photopigments causes a lowering of photosynthesis rate [87]. Many plant physio-
logical and biochemical processes, photosynthesis [88], water conductance through 
stomata [75, 89] are affected by salinity, resulting in an adverse effect on biological 
processes and crop yield reduction.
2.3.2 Plant anatomical change under salinity stress
Rice adopts various strategies in response to salinity through their anatomical 
modification, which allows them to cope with the stress. Plants with growth in high 
salt concentration have more thickness of leaves [90], epidermis, cell walls and 
cuticles. The higher the salt concentrations, the higher the mesophyll cell layers 
and cell size up to some extend [91], due to more elasticity in the cell wall at high 
turgor pressure [92]. Salinity expedites the density of stomata at the lower side of 
leaves [93] with increased palisade tissues [94]; however, salinity downregulates the 
number of cells per leaf. Salinity reduces the number of stomata on the surface of 
the epidermis [95], vessels number [94]. However, salinity accelerates subrinization 
inside the roots resulting in hindrance in nutrient uptake from soil [96]. In rice, 
it is reported that stem diameter was reduced [97], while trichome and stomata 
density increased. Salt stress reduced cell size, the epidermal thickness of leaves, 
apical meristem, diameter of the cortex and central cylinder [98]. Salinity induced 
thickening of exodermis and endodermis [99] and assist in developing sclerenchy-
matous tissues [98]. Once the seed has germinated, the next goal for the plant is an 
establishment. Salinity causes a reduction in crop establishment by reducing shoot 
growth, sealing leaf development and expansion, reducing the growth of inter-
nodes and inducing abscission of leaf [91, 100]. Salinity causes some complexity to 
plants, like osmotic stress, ion toxicity and nutrient imbalance, which are detected 
as the most prominent reasons for a reduction in crop growth, resulting in crop 
failure in severe cases. Nonetheless, different developmental stages like germina-
tion, vegetative growth, flowering, spikelet’s setting and grain filling of rice behave 
differently with salinity. It is reported that salinity decreased biomass and leaf area 
in rice [101].
3. QTLs and genes of nitrogen use efficiency
In soil, inorganic nitrogen is available for plants as nitrate (NO3
−) in aerobic 
upland condition and ammonium (NH4
+) in flooded wetland or acidic soils. 
Nitrogen use efficiency (NUE) is a complex trait that is controlled by multiple 
genes. Many genes and/QTLs associated with NUE have been identified in rice. 
Studying and understanding the mechanisms of N utilization at a molecular level 
may help to improve rice varieties for N deficiency tolerance under different abiotic 
stresses. Researchers [102] identified 14 putative QTLs for NUE components and 
63 QTLs for 12 physiological and agronomic characteristics with six hotspot regions 
using 174 recombinant inbred lines derived from the IR64/Azucena cross at the 
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vegetative phase in the hydroponic Yoshida solution with three different N concen-
trations: 1X (standard), 1/4X and 1/8X. In line with this, it is reported that eight 
QTLs for plant height in hydroponics with two N supply levels in the Yoshida cul-
ture solution and 13 QTLs for plant height in a soil mediated experiment with two 
N supply treatments [103]. Twelve QTLs were detected for root weight, 14 for shoot 
weight and 12 for biomass from 239 rice recombinant inbreed lines (RILs) derived 
from a cross between two indica parents (Zhenshan97/Minghui63) under hydro-
ponics medium using two N treatments [104]. In another pot experiment, seven 
QTLs were identified associated with nitrogen use and the yield on chromosome 3 
[105]. Three candidate genes Os05g0208000, Os07g0617800 and Os10g0189600 were 
identified through fine-mapping of four QTLs located on chromosomes 5, 7 and 10 
accelerated yield performance under low N level [106].
Five QTLs were identified on chromosomes 1, 2, 7 and 11 for grain yield (GY) 
using 127 RILs derived from the cross Zhanshan 97/Minghui 63 [107]. The pheno-
typic and genetic associations between grain NUE and GY are positive and highly 
significant; thus, QTLs for both NUE and GY could be used to trigger NUE and 
GY in a breeding program [108]. Seven QTLs for the glutamine synthetase (GS1) 
protein content and six QTLs for the NADH-GOGAT protein content were detected 
using backcross inbred lines between Nipponbare and Kasalath. Some of these 
QTLs were fined mapped to get a structural gene for GS1 from chromosome 2 and 
chromosome 1 [109]. A QTL on chromosome 2 activates cytosolic GS1 for protein 
synthesis in older leaves, resulting in more active tillers during the vegetative stage 
and a more panicle number and total panicle weight [110]. Using 166 RIL popula-
tions, 22 single QTLs and 58 pairs of epistatic QTLs associated with physiological 
NUE in rice have been identified [111]. With the same mapping population, 28 
main effect QTLs and 23 pairs of epistatic QTLs were detected [112]. It is reported 
that [113], using 38 chromosome segment substitution lines derived from a cross 
between “Koshihikari,” a japonica variety, and “Kasalath,” an indica variety, identi-
fied a major QTL qRL6.1 on the long arm of chromosome 6 associated with root 
elongation under deficient and sufficient NH4+ condition. The “Kasalath” allele 
at this QTL region promoted significant root elongation. The marker interval was 
C11635–P3A2 and phenotypic variance explained by this QTL was 76.4%.
A set of RILs grown in four different seasons in two locations with three nitrogen 
fertilization treatments was analyzed for QTL for grain yield components and two 
main effect QTLs were detected viz., grain yield per panicle on chromosome 4 and 
grain number per panicle on chromosome 12 under N zero level [114]. Four QTLs 
for trait differences of plant height and heading date between two N levels have been 
mapped on chromosomes 2 and 8 co-locating with reported QTLs for NUE [111]. In 
response to low nitrogen application for two years, 33 QTL have been identified in 
RIL population, out of which only ten QTLs were consistent under low N [115]. QTL 
mapping for NUE and nitrogen deficiency tolerance traits in RIL population for two 
years resulted in four common QTL on chromosomes 1, 3, 4 and 7 [116].
From a recombinant inbred population, 20 single QTLs (S-QTLs) and 58 pairs 
of epistatic loci (E-QTLs) were detected for the nitrogen concentration of grain, 
nitrogen concentration of straw, the nitrogen content of shoot, harvest index, 
grain yield, straw yield and physiological nitrogen use efficiency (PNUE) [117]. 
Researchers [118] identified seven chromosomal regions using 40 introgression 
lines (ILs) derived from a cross between “Ilpumbyeo,” a temperate japonica variety, 
and “Moroberekan,” a tropical japonica accession from seedlings grown in 0, 250 
and 500 μM NH4
+. Among them, the qRW6 QTL was detected on the long arm of 
chromosome 6 associated with root weight in temperate japonica.
Recently, a group of scientists reported [119] about a main effect QTL qRD-
WN6XB (Table 2) on the long arm of chromosome 6, which positively confers 
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tolerance to N deficiency in the Indica rice variety XieqingzaoB, was identified 
using a chromosomal segment substitution line population using Zhonghui9308 
and XieqingzaoB. Nine candidate genes were found in this region through fine 
mapping. Out of these genes, Os06g15910 was seemed to be a strong candidate gene 
associated with root system improvement under low N status. However, putative 
Figure 2. 
Holistic breeding approach for multiple abiotic stress tolerance in rice. F = flooding, D = drought, S = salinity, 
QTLs = quantitative trait loci.
QTLs/genes Special traits Chr. No Reference
ARE1 High-yield under N limiting condition 8 [108]
qRL6.1 Root elongation under deficient and sufficient NH4
+ condition 6 [113]
qRW6 Enhance root traits and yield potential 6 [118]
qRDWN6XB Confers tolerance to N deficiency 6 [119]
qGYLN7 Increases grain yield under low N 7 [106]
qGYPP-4b Increases grain yield per plant under low N 4 [114]
qGNPP-12 Increases grain number per panicle under low N 12 [114]
Table 2. 
Major QTLs/genes associated with nitrogen use efficiency under abiotic stresses.
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QTLs/genes needed for multiple abiotic stress tolerance, NUE and associated novel 
traits in rice could be discovered through a holistic breeding approach (Figure 2).
4. Hybrid rice production under abiotic stress
Adverse environmental conditions like abiotic factors, triggering abiotic 
stresses, run a key role in determining the productivity of rice yields. Biologically, 
abiotic stress is considered as a substantial deviation from the model environments 
in which plants are grown, inhibiting them from expressing their complete genetic 
potential regarding growth, development and reproduction [120]. Agriculture pro-
duction in Bangladesh is dwindled mainly due to biotic and abiotic stresses. Abiotic 
stress ubiquitously affects the crop growth and development process worldwide. 
Hence, these are one of major areas of concern to fulfill the required food demand 
[121, 122]. The major abiotic stresses, drought, flooding, salinity are making the 
risks to food and nutritional security from tropics to temperate regions worldwide. 
Drought affects plants in numerous ways like it affects plant growth, yield, mem-
brane integrity, pigment content, osmotic adjustments, water relations and photo-
synthetic activity [123]. Over the last three decades, the temperature of the country 
has increased significantly. It is estimated that by 2030, 2050 and 2100, the tem-
perature may increase around 1, 1.4 and 2.4°C, respectively [124]. This is significant 
as an increased temperature reduces the yield of rice. Therefore, the country is in a 
risky situation in meeting future challenges concerning food security.
Bangladesh is facing salinity intrusion into the arable agricultural lands. The 
decline in rice yield under judiciously salt-affected soils is anticipated to be 68 
percent [126]. Due to global warming, the rise in sea levels, surplus irrigation 
without appropriate drainage in the inland area under salt stress is growing. 
Flash flood and cold injury also cause rice production loss almost every year in 
Bangladesh. Rainfed conditions in Bangladesh are quite complex, where multiple 
stresses frequently prevail and even follow in quick succession within a single 
cropping season. Two or more abiotic stresses often coexist in many rainfed low-
land and saline areas of Bangladesh. Most of the rainfed areas in Bangladesh are 
often occurred by multiple abiotic stresses such as flooding, drought and salinity 
even within the same cropping season near the coastal areas. Therefore, we need 
to breed new hybrid rice varieties that could tolerate more than one abiotic stress 
and yield high under normal favorable rainfed conditions as well.
Northern districts of Bangladesh are cold prone areas of the country. Usually, 
Boro (winter) rice is seriously affected by cold during the seedling and flowering 
stage. Seedling mortality sometimes goes up to 90%, especially in the northern part 
of the country. In recent years, more than 2.0 million hectares of rice crops in the 
cold prune area of Bangladesh have been seriously affected by extreme cold stress, 










1973 287.37 426.43 79.75 39.9 833.45
2000 289.76 307.20 336.58 87.14 1020.75
2009 328.43 274.22 351.69 101.92 1056.26
Source: Soil Resources Development Institute (2010).
Table 3. 
Extent of soil salinity during the last four decades (1973–2009) in coastal areas of Bangladesh.
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causing partial to total yield loss, especially in the northern part of the country. 
In the haor areas of Bangladesh, early planted Boro rice has to face cold stress at 
the reproductive stages (Panicle initiation to flowering). If the mean temperature 
goes down below 20°C for more than 5-6 days during the reproductive stage of the 
hybrid rice plant associated with spikelet sterility, cause serious yield damage.
In particular, abiotic stresses significantly constrain rice production in 
Bangladesh and the frequency of these stresses is, unfortunately, likely to increase 
with climate change. Hybrid rice breeding programs around the world have pre-
emptively responded by breeding stress-tolerant rice varieties. By manipulating the 
heritable variation present in the germplasm, we can develop abiotic stress-tolerant 
cultivars through breeding techniques, but it is a cumbersome and time-consuming 
process. The slow progress is due to the complexity of the problem involving envi-
ronmental conditions and the genetic system. The development of stress-tolerant 
hybrid rice varieties has gained momentum among the breeders in the recent past. 
The development of hybrid rice with inbuilt stress tolerance is most desirable to 
increase the production capacity of rice under saline conditions.
Climate change has affected Bangladeshi agriculture a lot. The most pronounced 
effects of climate change are the heat stress, periodic drought conditions, and 
salinity intrusion in coastal belts due to sudden flood and flash flood in major rice-
growing areas of Bangladesh. In the last couple of decades, the salinity affected area 
increased drastically in Bangladesh. (Table 3) Due to periodic drought and saline 
water intrusion in the coastal belt, the already existing problem of high amounts 
of salts in the upper surface soil has intensified. In the future, efforts should be 
directed to develop climate-smart hybrid rice, which can perform stably under 
diverse environmental conditions. Nonetheless, China is now feeding 20 percent 
of the world’s population from only 10 percent of the world’s arable land where 
hybrid rice covers around 57 percent of the total cultivated rice area [125]. They 
have achieved this success by adopting research on region-based and stress-tolerant 
hybrid rice development. Their way of success was not so smooth, but eventu-
ally, they overcome all the obstacles. On the other hand, rice is called “the life of 
the people of Bangladesh.” No obvious alternative crop can replace rice presently. 
Initially, after the introduction of hybrid rice in Bangladesh in 1998, the area under 
hybrid rice cultivation significantly increased, but not up to the mark. Currently, 
only 7.48 percent of the total rice area is under hybrid rice cultivation in Bangladesh 
[126]. We have released hybrid rice for a favorable environment. It is now world-
wide accepted that hybrid rice can give 15-20% more yield compared to inbred high 
yielding rice cultivars. Therefore, the development of abiotic stress tolerant hybrid 
rice is the demand of the time to sustain food security.
5. Future outlook and conclusions
Among the essential nutrient elements, nitrogen has a paramount importance 
for rice growth and development in natural ecosystems. To promote optimum N 
nutrition for the higher rice yield, it is important to explore the possible variability 
in NUE in rice genotypes. Understanding the molecular mechanisms of variable 
NUE in rice genotypes would help to develop NUE in the elite rice variety under 
abiotic stressful conditions using traditional and molecular plant breeding methods, 
including genome editing. Global climate change plunges world rice production 
toward various abiotic stress. Flooding, drought and salinity are correlated to cause 
problems in rice production. If rice seedlings experience flooding during the vegeta-
tive stage, they may suffer from terminal drought during the reproductive stage, 
depending on the ecosystems. Likewise, periodic drought conditions may upregulate 
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the existing salinity stress through intensification of a high amount of salt layer on 
the upper surface soil. Therefore, there is a dire need to adopt a holistic approach 
to address the problems of abiotic stresses for future rice breeding. Genomics and 
post-genomics approaches have high potentials for dissecting underlying molecular 
mechanisms in differential NUE in rice genotypes. With the help of molecular 
mapping, fine-tuning of target QTLs, genome editing of a number of major and 
minor QTLs associated with abiotic stress tolerance in rice have been detected in 
recent years. Further enhanced research endeavors are now underway toward the 
development of more tolerant rice varieties to abiotic stresses. The identified QTLs 
are valuable resources for marker-assisted selection (MAS) to develop elite rice 
genotypes tolerant to flood, drought and salinity. Novel approaches are needed to 
apply for accelerating the mitigation of the problems of abiotic stresses in rice such 
as marker-assisted breeding (MAB), rapid generation advance (RGA), gene editing 
and transgenic technology. Attempts should be taken to develop abiotic stress-
tolerant rice varieties, which can perform in a sustainable manner in a wide range of 
environmental conditions. Identified QTLs and rice germplasms tolerant to abiotic 
stresses could be explored to understand the molecular genetics of flooding, drought 
and salt tolerance in rice. New genes involved in abiotic stress tolerance are needed 
to be identified. There is a need for strategic research on molecular breeding and 
agronomic aspects to enhance the resilience of global rice production. To achieve 
these goals, capacity building of rice scientists, farmers and other stakeholders 
involved in developing abiotic stress-tolerant rice variety might help to increase the 
desired NUE in rice.
© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
15
Nitrogen Use Efficiency in Rice under Abiotic Stress
DOI: http://dx.doi.org/10.5772/intechopen.94038
References
[1] Murtaza G, Azooz MM, 
Murtaza B, Usman Y, Saqib M. Nitrogen-
use-efficiency (NUE) in plants under NaCl 
stress. Salt Stress in Plants: Signalling, 
Omics and Adaptations. 2014.p. 415-437. 
DOI:10.1007/978-1-4614-6108-116.
[2] De Datta SK, Gomez KA. Interpretive 
analysis of the international trials on 
nitrogen fertilizer efficiency in wetland 
rice. In: Fertilizer International (May 
issue). British Sulphur Corp., London, 
U.K. 1981. pp. 1-5.
[3] Yoshida S. Fundamental of Rice 
Crop Science. International Rice 
Research Institute, Los Baños, Laguna, 
Philippines, 269.1981.
[4] Moe K , Mg K, Win K, Yamakawa T. 
Combined Effect of Organic Manures 
and Inorganic Fertilizers on the Growth 
and Yield of Hybrid Rice (Palethwe-1). 
American Journal of Plant Sciences. 
2017; 8:1022-1042. DOI: 10.4236/
ajps.2017.85068.
[5] Lal B, Gautama P, Nayaka AK, 
Rajaa R, Shahida M, Tripathi R, Singh S, 
Septiningsih EM, Ismail AM. Agronomic 
manipulations can enhance the 
productivity of anaerobic tolerant rice 
sown in flooded soils in rainfed areas. 
Field Crops Research.2018; 220: 105-116. 
DOI:org/10.1016/j.fcr.2016.08.026.
[6] Mondal, S, Khan, MIR., Dixit S,  
Cruz PCS, Ismail AM. Growth, 
productivity and grain quality of AG1 
and AG2 QTLs introgression lines under 
flooding in direct-seeded rice system. 
Field Crops Research. 2020; 248: 1-12.
[7] Ismail AM, Ella ES, Vergara GV, 
Mackill DJ. Mechanisms associated 
with tolerance for flooding during 
germination and early seedling growth 
in rice (Oryza sativa). Annals of Botany. 
2009; 103: 197-209.
[8] Mondal S, Khan MIR, Entila F, 
Dxit S, Cruz PCS, Ali MP, Pittendrigh B, 
Septiningsih EM, Ismail AM. Responses 
AG1 and AG2 QTL introgression lines 
and seed pre-treatment on growth 
and physiological processes during 
anaerobic germination of rice under 
flooding. Scientific Reports. 2020; 10: 
10214.
[9] Ismail AM, Platten JD and Miro B. 
Physiological bases of tolerance of 
abiotic stresses in rice and mechanisms 
of adaptation. ORYZA-An International 
journal on Rice. 2013; 50 (2): 91-99.
[10] Lafitte RH, Ismail AM, Bennett J. 
Abiotic stress tolerance in tropical rice: 
progress and the future. Oryza. 2006; 
43:171-186.
[11] Singh A, Septiningsih EM, 
Balyan HS, Singh NK, Rai V. Genetics, 
physiological mechanisms and breeding 
of flood-tolerant rice (Oryza sativa L.).  
Plant and Cell Physiology. 2017; 
58(2):185-97.
[12] Septiningsih EM, Mackill DJ. 
Genetics and breeding of flooding 
tolerance in rice. In: Sasaki T, 
Ashikari M, editors. Rice Genomics, 
Genetics and Breeding. Springer 
Nature Singapore; 2018. p. 275-295. 
DOI:10.1007/978-981-10-7461-5_15.
[13] Sandhu N, K. Raman KA,  
Torres RO, Audebert A, Dardou A,  
Kumar A, Henry A. Rice Root 
Architectural Plasticity Traits and 
Genetic Regions for Adaptability 
to Variable Cultivation and Stress 
Conditions. 2016. DOI: https://doi.
org/10.1104/pp.16.00705.
[14] Niones JM, Inukai Y, Suralta RR, 
Yamauchi A. QTL associated with 
lateral root plasticity in response to soil 
moisture fluctuation stress in rice. Plant 
Soil. 2015; 391: 63-75
[15] Dixit S, Huang BE, Sta Cruz MT, 
Maturan PT, Ontoy JCE. QTLs for 
Recent Advances in Rice Research
16
Tolerance of Drought and Breeding for 
Tolerance of Abiotic and Biotic Stress: 
An Integrated Approach. PLoS ONE. 
2014; 9(10): e109574. doi:10.1371/
journal.pone.0109574
[16] Barua R, De Ocampo M, Egdane J, 
Ismail AM, Mondal S. Phenotyping 
rice (Oryza sativa L.) genotypes for 
physiological traits associated with 
tolerance of salinity at seedling stage. 
Scientia Agriculturae. 2015; 12:156-162
[17] Mo W, Tang W, Du Y, Jing Y, 
Bu O, Lina RV. PHYTOCHROME-
INTERACTING FACTOR-LIKE14 and 
SLENDER RICE1 interaction Vcontrols 
seedling growth under salt stress. 
Plant Physiology. 2020. DOI:10.1104/
pp.20.00024.
[18] Singh BD. Plant breeding, 4th edn. 
Kalyani Publishers, Banaras. 2004.
[19] Park HJ, Ki, WY, Yun DJ. A new 
insight of salt stress signaling in Plant. 
Molecular. Cells. 2016; 39: 447-459.
[20] Munns R, Tester M. Mechanisms 
of salinity tolerance. Annual Review of 
Plant Biology. 2008; 59:651– 681
[21] Ashraf M, Athar HR, Harris PJC, 
Kwon TR. Some prospective strategies 
for improving crop salt tolerance. Adv 
Agron. 2008; 97:45-110
[22] Moradi F, Ismail AM. Responses 
of photosynthesis, chlorophyll 
fluorescence and ROS Scavenging 
systems to salt stress during seedling 
and reproductive stages in rice. Annals 
of Botany. 2007; 99:1161-1173
[23] Chaudhry MR, Khokhar IA, 
Shah MA. Rice growth and nutrient 
uptake (NP) as affected bydifferent 
salinity types. Pakistan Journal of 
Agricultural Sciences. 1989; 26:348-354
[24] Mackill DJ, Ismail AM, Singh US, 
Labios RV, Paris TR, Development and 
rapid adoption of submergence-tolerant 
(Sub1) rice varieties. Advances in. 
Agronomy. 2012; 115,299-352.
[25] Ella ES, Dionisio-Sese ML, 
Ismail A M. Proper management 
improves seedling survival and growth 
during early flooding in contrasting 
rice genotypes. Crop Sci. 2010; 
50(5):1997-2008
[26] Pandey S, Velasco L. Economics 
of direct seeding in Asia: patterns 
of adoption and research priorities. 
In: Pandey S, Mortimer M, Wade L, 
Tuong T, Lopez K, Hardy B. Direct 
seeding: Research Issues and 
Opportunities. Proceedings of the 
International Workshop on Direct 
Seeding in Asian Rice System: Strategic 
Research Issues and Opportunities, 
International Rice Research Institute 
Bangkok, Thailand/Los Baños, the 
Philippines. 2002; 3-14.
[27] Mondal S, Hasan J, Ahamed T, 
Miah MG, Cruz PCS, Ismail AM. Effect 
of AG1, AG2 QTLs on nonstructural 
carbohydrate and seed management 
options for rice seedling growth and 
establishment under flooding stress. 
Rice Science. 2020; 27(6): 515-528.
[28] Singh R, Gajri PR, Gill KS, and 
Khera R. Puddling intensity and 
nitrogen-use efficiency of rice (Oryza 
sativa) on a sandy-loam soil of Punjab. 
Indian Journal of Agricultural Science. 
1995; 65:749-751.
[29] Rao AN, Johnson D, Sivaprasad B,  
Ladha JK, Mortimer AM. Weed 
management in direct-seeded rice. 
Advances in Agronomy. 2007; 93: 153-255.
[30] Ismail AM, Johnson DE, Ella ES, 
Vergara GV, Baltazar AM. Adaptation 
to flooding during emergence and 
seedling growth in rice and weeds, and 
implications for crop establishment. 
AoB Plants, 2012; pls019.
[31] Kumar V and Ladha JK. Direct-
seeding of rice: recent developments 
17
Nitrogen Use Efficiency in Rice under Abiotic Stress
DOI: http://dx.doi.org/10.5772/intechopen.94038
and future research needs. Advances in 
Agronomy. 2011; 111: 297-413.
[32] Yan J, Yu J, Tao GC, Vos J, 
Bouman BAM, Xie GH, Meinke H. Yield 
formation and tillering dynamics of 
direct-seeded rice in flooded and non-
flooded soils in the Huai River Basin of 
China. Field Crops Research. 2010; 116: 
252-259.
[33] Malik RK, Yadav A. Direct-seeded 
rice in the Indo-Gangetic Plain: 
progress, problems and opportunities. 
In: Humphreys, E., Roth, C.USD., 
(Eds.), Proceedings of permanent 
beds and rice residue management for 
rice–wheat systems in the Indo-Gangetic 
Plains. ACIAR Workshop Proceedings 
No. 127, ACIAR. Canberra, Australia. 
2008; pp. 124-132.
[34] Beecher G, Dunn B, Mathews S,  
Thompson J, Singh RP, Humphreys L,  
Timsina J, Okeefe K, Johnston D.  
Permanent beds for sustainable 
cropping. IREC Farmers’ Newsletter No. 
171. Summer 2006.
[35] Chauhan BS, Awan TH, 
Abugho SB, Evengelista G, Yadav S. 
Effect of crop establishment methods 
and weed control treatments on weed 
management, and rice yield. Field Crops 
Research. 2015;172, 72-84.
[36] Ahmed S, Humphreys E, 
Chauhan BS. Optimum sowing date and 
cultivar duration of dry-seeded boro 
on the High Ganges River Floodplain of 
Bangladesh. Field Crops Research. 2016; 
190: 91-102.
[37] Khade VN, Patil BD, Khanvilkar SA, 
Chavan LS. Effect of seeding rates and 
level of N on yield of direct-seeded 
(Rahu) summer rice in Konkan. Jornal 
of Maharastra Agricultural University. 
1993; 18: 32-35.
[38] Malik R, Kamboj B, Jat M,  
Sidhu H, Bana A, Singh V, Sharawat H,  
Pundir A, Sahnawaz R, Anuradha T,  
Kumaran N, Gupta R. No-till and 
Unpuddled Mechanical Transplanting 
of Rice. Cereal Systems Initiative for 
South Asia, New Delhi, India. 2011. 
http://repository.cimmyt.org/xmlui/
handle/10883/1296.
[39] Boling A, Tuong TP, Singh AK, 
Wopereis MCS. Comparative root 
growth and soil water extraction of dry-
seeded, wet-seeded, and transplanted 
rice in a greenhouse experiment. 
Philippines Journal of Crop Science. 
1998; 23: 45-52.
[40] Yadav S, Evangelista G, Faronilo J, 
Humphreys E, Henry A, Fernandez L. 
Establishment method effects on crop 
performance and water productivity of 
irrigated rice in the tropics. Field Crops 
Research. 2014; 166: 112-127.
[41] Kallis G, Droughts. Annual Review 
of Environment and Resources. 2008; 
33, 85-118.
[42] Zhao T, Dai A. The Magnitude and 
Causes of Global Drought Changes in 
the Twenty-First Century under a Low–
Moderate Emissions Scenario. Journal of 
Climate. 2015; 28, 4490-4512.
[43] Naumann G, Alfieri L, Wyser K,  
Mentaschi L, Betts RA, Carrao H,  
Spinoni J, Vogt J, Feyen L. Global 
Changes in Drought Conditions 
Under Di_erent Levels of Warming. 
Geophysical Research. Letters. 2018; 
45,3285-3296.
[44] Wang, Z.; Li, J.; Lai, C.; Zeng, 
Z.; Zhong, R.; Chen, X.; Zhou, X.; 
Wang, M. Does drought in China show 
a significant decreasing trend from 
1961 to 2009? Science of the Total 
Environment. 2017, 579, 314-324.
[45] Masih, I.; Maskey, S.; Mussá,  
F.E.F.; Trambauer, P. A review of 
droughts on the African continent: A 
geospatialand long-term perspective. 
Hydrol. Earth System Science. 2014, 18, 
3635-3649.
Recent Advances in Rice Research
18
[46] Barnabas B, Jager K, Feher A. 
The e_ect of drought and heat stress on 
reproductive processes in cereals. Plant 
Cell Environment. 2008; 31, 11-38.
[47] Cairns J, Impa S, O’Toole J, 
Jagadish S. Price, A. Influence of the 
soil physical environment on rice 
(Oryza sativa L.) response to drought 
stress and its implications for drought 
research. Field Crops Research. 2011. 
121,303-310.
[48] Ahmadi N, Audebert A, 
Bennett MJ, Bishopp A de Oliveira AC, 
Courtois B, Diedhiou A, Diévart A, 
Gantet P, Ghesquière A. The roots of 
future rice harvests. Rice. 2014; 7, 29.
[49] Fukai S, Cooper M. Development 
of drought-resistant cultivars using 
physiomorphological traits in rice. Field 
Crops Research. 1995; 40, 67-86.
[50] Tripathy J, Zhang J, Robin S, 
Nguyen TT, Nguyen H. QTLs for cell-
membrane stability mapped in rice 
(Oryza sativa L.) under drought stress. 
Theoretical and Applied Genetics. 
2000; 100, 1197-1202.
[51] Yoshida S, Hasegawa S. The rice root 
system: Its development and function. 
In Drought Resistance in Crops with 
Emphasis on Rice; Paddyfield: Manila, 
Philippines. 1982; Volume 10, pp. 
97-134.
[52] Tahere AS, Yamauchi A, 
Kamoshita A, Wade LJ. Genotypic 
variation in response of rainfed lowland 
rice to drought and rewatering: II. Root 
growth. Plant Production Science. 
2000; 3, 180-188.
[53] Xu W, Cui K, Xu A, Nie L. Huang, 
J.; Peng, S. Drought stress condition 
increases root to shoot ratio via 
alteration of carbohydrate partitioning 
and enzymatic activity in rice seedlings. 
Acta Physiologia. Plantarum. 2015. 37, 
1760.
[54] Wopereis M, Krop M, Maligaya A, 
Tuong T. Drought-stress responses of 
two lowland rice cultivars to soil water 
status. Field Crops Research. 1996; 46, 
21-39.
[55] Ghosh D, Xu J. Abiotic stress 
responses in plant roots: A proteomics 
perspective. Frontiers Plant Science. 
2014; 5,6.
[56] Nardini A, Salleo S, Tyree MT. 
Ecological aspects of water permeability 
of roots. In Plant Roots; CRC Press: Boca 
Raton, FL, USA. 2002; pp. 1069-1093.
[57] Comas LH, Becker SR, Cruz VM, 
Byrne PF, Dierig, D.A. Root traits 
contributing to plant productivity under 
drought. Frontiers Plant Science. 2013; 
4, 442.
[58] Fitter A. Characteristics and 
functions of root systems. In Plant 
Roots; CRC Press: Boca Raton, FL, USA. 
2002;pp. 49-78.
[59] Maseda PH, Fernandez RJ. Stay 
wet or else: Three ways in which 
plants can adjust hydraulically to their 
environment. Journal of Experimental 
Botany. 2006; 57, 3963-3977.
[60] Bloom AJ, Chapin FS, Mooney HA. 
Resource limitation in plants-an 
economic analogy. Annual Review of 
Ecology, Evolution and Systemetics. 
1985; 16, 363-392.
[61] Shipley B, Meziane D. The 
balanced-growth hypothesis and the 
allometry of leaf and root biomass 
allocation. Functional Ecology. 2002; 
16, 326-331.
[62] Comas LH, Mueller KE, 
Taylor LL, Midford PE, Callahan HS, 
Beerling DJ. Evolutionary Patterns 
and Biogeochemical Significance of 
Angiosperm Root Traits. International 
Journal of Plant Science. 2012; 173, 
584-595.
19
Nitrogen Use Efficiency in Rice under Abiotic Stress
DOI: http://dx.doi.org/10.5772/intechopen.94038
[63] Hernández E, Vilagrosa A, 
Pausas J, Bellot J. Morphological traits 
and water use strategies in seedlings of 
Mediterranean coexisting species. Plant 
Ecology. 2010; 207, 233-244.
[64] Wasson AP, Richards RA,  
Chatrath R, Misra SC, Prasad SV,  
Rebetzke GJ, Kirkegaard JA, 
Christopher J, Watt M. Traits and 
selection strategies to improve root 
systems and water uptake in water-
limited wheat crops. Journal of 
Experimental Botany. 2012; 63, 
3485-3498.
[65] Ho MD, McCannon BC, Lynch 
JP (2004) Optimization modeling of 
plant root architecture for water and 
phosphorus acquisition. Journal of 
Theoretical Biology 226:331-340
[66] Swamy BPM, Ahmed HU,  
Henry A, Mauleon R, Dixit S, 
Vikram P, Tilatto R, Verulkar SB, Perraju P, 
Mandal NP. Genetic, physiological, 
and gene expression analyses reveal 
that multiple QTL enhance yield of rice 
mega-variety IR64 under drought. 2013; 
PLoS ONE 8:e62795
[67] Vikram P, Swamy BP, Dixit S, 
Singh R, Singh BP, Miro B, Kohli A, 
Henry A, Singh NK, Kumar A. Drought 
susceptibility of modern rice varieties: 
an effect of linkage of drought tolerance 
with undesirable traits. Scientific 
Reports. 2015; 5: 14799
[68] Sandhu N, Raman KA,  
Torres RO, Audebert A, Dardou A,  
Kumar A, Henry A. Rice Root 
Architectural Plasticity Traits and 
Genetic Regions for Adaptability 
to Variable Cultivation and Stress 
Conditions. Plant Physiology. 2016. p 
2562-2576. DOI: https://doi.org/10.1104/
pp.16.00705
[69] Fort F, Cruz P, Catrice O, Delbrut A, 
Luzarreta M, Stroia C, Jouany C. Root 
functional trait syndromes and 
plasticity drive the ability of grassland 
Fabaceae to tolerate water and 
phosphorus shortage. Environmental 
and Experimental Botany. 2015; 110: 
62-72
[70] Sadras VO, Reynolds MP,  
de la Vega J, Petrie PR, Robinson R.  
Phenotypic plasticity of yield and 
phenology in wheat, sunflower and 
grapevine. Field Crops Research. 2009; 
110: 242-250.
[71] Kenney AM, McKay JK, 
Richards JH, Juenger TE. Direct and 
indirect selection on flowering time, 
water-use efficiency (WUE, d (13)
C), and WUE plasticity to drought 
in Arabidopsis thaliana. Ecology and 
Evolution. 2014; 4: 4505-4521.
[72] Flowers, TJ, and Yeo AR. Variability 
in the resistance of sodium chloride 
salinity within rice (Oryza sativa L.) 
varieties. New Phytologist. 1981; 88: 
363-373.
[73] Arunroj DS, Supapoj N, Toojinda T, 
and Vanavichit A. Relative leaf water 
content as an efficient method for 
evaluating rice cultivars for tolerance to 
salt stress. Science Asia. 2004; 30: 411-415.
[74] Khan MA, Weber DJ. Ecophysiology 
of high salinity tolerant plants. (Tasks 
for Vegetation Science). Series. Springer, 
Amsterdam. 2008.
[75] Aslam M, Ahmad K, Akhtar MA, 
Maqbool MA. Salinity Stress in Crop 
Plants: Effects of stress, Tolerance 
Mechanisms and Breeding Strategies for 
Improvement. Journal of Agriculture 
and Basic sciences. 2017; 2(1): 70-85
[76] Rasheed R. Salinity and extreme 
temperature effects on sprouting buds 
of sugarcane (Saccharum officinarum 
L.). Some histological and biochemical 
studies. Ph.D. thesis Dept. of Botany. 
Univ. of Agriculture. Faisalabad, 
Pakistan. 2009.
Recent Advances in Rice Research
20
[77] Murillo-Amador B, Aguilar RL, 
Kaya C, Mayoral JL and Hernapdez AF. 
Comparative effects of NaCI and 
polyethylene glycol on germination, 
emergence and seedling growth of 
cowpea. Journal of Agronomy and Crop 
Science. 2002;188:235-247.
[78] Khan MA and Ungar IA. 
Germination responses to salinity 
stress in Atriplex triangularis. The Ohio 
Journal of Science. 1984; 84:13.
[79] Ditommaso A. Germination 
behavior of common ragweed 
(Ambrosia artemisiifolia) populations 
across a range of salinities. Weed 
Science. 2004; 52:1002-1009.
[80] Kaya M, Kaya G. Kaya MD, Atak M. 
Saglarn S. Khawar KM, Ciftci CY. 
Interaction between seed size and NaCl 
on germination and early seedling 
growth of some Turkish cultivars of 
chickpea (Cicer arietinum L.). Journal 
of Zhejiang University-Science. 2008; 
9:371-377.
[81] Bordi A. The influence of salt stress 
on seed germination, growth and yield 
of canola cultivars. Notulae Botanicae 
Horti Agrobotanici Cluj-Napoca. 2010; 
38:128-133.
[82] Ologundudu AF, Adelusi AA, 
Akinwale RO. Effect of Salt Stress on 
Germination and Growth Parameters of 
Rice (Oryza sativa L.). Notulae Scientia 
Biologicae. 2014; 6(2). 237-243.
[83] Epstein E, Norlyn JD, 
Rush DW, Kingsbury RW, Kelly DB, 
Cunningham GA, Wrona AF. Saline 
culture of crops: A genetic approach. 
Science. 1980; 210:399-404.
[84] Munns R. Comprative physiology 
of salt and water stress. Plant Cell 
Environment. 2002; 25:239-250.
[85] Gupta IK, Meena SK, Gupta S,  
Khandelwal SK. Gas exchange, 
membrane permeability, and ion uptake 
in two species of Indian jajuba differing 
in salt tolerance. Photosynthetica, 
40:535-53.
[86] Sayed OH. Chlorophyll fluorescence 
as a tool in cereal crop research. 
Photosynthetica. 2003; 41:321-330.
[87] Saravanavel R, Ranganathan R 
and Anantharaman P. Effect of sodium 
chloride on photosynthetic pigments 
and photosynthetic characteristics of 
Avicennia officinalis seedlings. Recent 
Research on .Science and Technology. 
2011; 3:177-80.
[88] Hayat S, Hasan SA, Yusuf M,  
Hayat Q and Ahmad A. Effect of 
28-homobrassinolide on photosynthesis, 
fluorescence and antioxidant system 
in the presence or absence of salinity 
and temperature in Vigna radiata. 
Environmental and Experimental 
Botany. 2010; 69:105-112.
[89] Perez-Perez JG, Robles JM, Tovar 
JC and Botia P. Response to drought and 
salt stress of lemon ‘Fino 49’ under field 
conditions: water relations, osmotic 
adjustment and gas exchange. Scientia 
Horticulturae. 2009; 122:83-90.
[90] Waisel Y. Adaptation to salinity. In: 
Physiology of trees. Willey, New York 
1991; pp. 359-383.
[91] Zekri M. Effects of NaCl on growth 
and physiology of sour orange and 
Cleopatra mandarin seedlings. Scientia 
Horticulturae. 1991; 47:305-315.
[92] Munns R, Termaat A. Whole plant 
responses to salinity. Australian journal 
of Plant Physiology. 1986; 13: 143-160.
[93] Raafat A, Habib SA, El-Shami IZ, 
El-Antably HM. The effect of salinity 
on the anatomical features of tomato 
plants. Annals of Agricultural Science. 
1991;36:307-321.
[94] Hussein MM, Abo-Leila BH, 
Metwally SA, Leithy SZ. Anatomical 
21
Nitrogen Use Efficiency in Rice under Abiotic Stress
DOI: http://dx.doi.org/10.5772/intechopen.94038
structure of jatropha leaves affected by 
proline and salinity conditions. Journal 
of Applied Sciences Research. 2012; 
8:491-496.
[95] Cavisoglu KS, Kilic S, Kabar K. 
Some morphological and anatomical 
observations during alleviation 
of salinity (NaCI) stress on seed 
germination and seedling growth of 
barley by polyamines. Acta Physiologiae 
Plantarum. 2007. 29:551-557.
[96] Walker CD, Graham RD, 
Madison JT, Cary EE and Welch RM. 
Effects of Ni deficiency on some 
nitrogen metabolites in cowpea (Vigna 
unguiculata L. Walp). Plant Physiolgy. 
1985; 79:474-479.
[97] Pimmongkol A, Terapongtanakhon S, 
Udonsirichakhon K. Anatomy of 
salt-and non-salt-tolerant rice treated 
with NaCI. In: 28th Congr. On Science 
and Technology of Thailand, Publisher 
Bangkok, Thailand. 2002.
[98] Javed IH, Wahid A, 
Rasul E. Selection of pearl millet lines 
for tolerance to increased salinity. 
Journal of Agriculture and Plant 
Science. 2001; 11:18-23.
[99] Gomes MP, de SA e Melo 
Marques TCLL, de Oliveira Goncalves 
Nogueira M, de Castro EM, Soares AM. 
Ecophysiological and anatomical 
changes due to uptake and accumulation 
of heavy metal in Brachiaria 
decumbens. Scientia Agriculturae. 2011; 
68(5):566-573.
[100] Ziska LH, Seemann JR, 
DeJong TM.. Salinity induced limitation 
on photosynthesis in Prunus salica, a 
deciduous tree species. Plant Physiol0gy. 
1990, 93:864-870.
[101] Ashraf MY, Bhatti AS. Effect of 
salinity on growth and chlorophyll 
content in rice. Pakistan Journal of 
Scientific and Industrial Research. 
2000; 43:130-131.
[102] Nguyen HTT, Dang DT, Van 
Pham C. and Bertin P. QTL mapping 
for nitrogen use efficiency and related 
physiological and agronomical traits 
during the vegetative phase in rice under 
hydroponics. Euphytica. 2016; 212(3), 
pp. 473-500.
[103] Fang P, Wu P. QTL 9 N-level 
interaction for plant height in rice 
(Oryza Sativa L.). Plant Soil. 2001. 
236:237-242
[104] Lian X, Xing Y, Yan H. QTLs for 
low nitrogen tolerance at seedling stage 
identified using a recombinant inbred 
line population derived from an elite 
rice hybrid. Theoretical and Applied 
Genetics. 2005; 112, 85-96.
[105] Senthilvel S, Vinod K K, 
Malarvizhi P, & Maheswaran M. QTL 
and QTL 9 environment effects on 
agronomic and nitrogen acquisition 
traits in rice. Journal of Integrative Plant 
Biology. 2008; 50, 1108-1117.
[106] Rao IS, Neeraja CN, Srikanth B, 
Subrahmanyam D., Swamy KN, Rajesh K, 
Vijayalakshmi P, Kiran TV, Sailaja N, 
Revathi P, Rao PR. Identification of rice 
landraces with promising yield and the 
associated genomic regions under low 
nitrogen. Scientific reports. 2018; 8(1), 
pp. 1-13.
[107] Wei D, Cui K, Pan J, Ye G, Xiang J, 
Nie L. Huang J. Genetic dissection of 
grain nitrogen use efficiency and grain 
yield and their relationship in rice. 
Field Crops Research. 2011; 124(3), pp. 
340-346.
[108] Wang Q, Nian J, Xie X, Yu H, 
Zhang J, Bai J, Dong G, Hu J, Bai B, 
Chen L, Xie Q. Genetic variations in 
ARE1 mediate grain yield by modulating 
nitrogen utilization in rice. Nature 
communications. 2018;9(1):1-10.
[109] Yamaya T, Obara M, Nakajima H, 
Sasaki S, Hayakawa T, Sato T. Genetic 
manipulation and quantitative-trait loci 
Recent Advances in Rice Research
22
mapping for nitrogen recycling in rice. 
Journal of Experimental Botany. 2002; 
53, 917-925.
[110] Obara M, Sato T, Sasaki S, 
Kashiba K, Nagano A, Nakamura I. 
Identification and characterization of 
a QTL on chromosome 2 for cytosolic 
glutamine synthetase content and 
panicle number in rice. Theoretical and 
Applied Genetics. 2004; 110, 1-11.
[111] Feng Y, Cao LY, Wu WM, Shen XH, 
Zhan XD, Zhai RR, Wang RC, Chen DB, 
Cheng SH. Mapping QTLs for nitrogen-
deficiency tolerance at seedling stage in 
rice (Oryza sativa L.). Plant Breeding. 
2010; 129:652-656
[112] Piao Z, Li M, Li P. Bayesian 
dissection for genetic architecture 
of traits associated with nitrogen 
utilization efficiency in rice. Journal of 
Biotechnology. 2009; 8, 6834-6839.
[113] Obara M, Tamura W, Ebitani T,  
Yano M, Sato T, Yamaya T. Fine- 
mapping of qRL6. 1, a major QTL 
for root length of rice seedlings 
grown under a wide range of NH 
4+ concentrations in hydroponic 
conditions. Theoretical and Applied 
Genetics. 2010; 121(3), pp. 535-547.
[114] Tong H, Chen L, Li W, 
Mei H, Xing Y, Yu X. Identification and 
characterization of quantitative trait 
loci for grain yield and its components 
under different nitrogen fertilization 
levels in rice (Oryza sativa L.). 
Molecular Breeding. 2011; 28, 495-509.
[115] Wei D, Cui K, Pan J, Wang Q, 
Wang K, Zhang X. Identification of 
quantitative trait loci for grain yield 
and its components in response to low 
nitrogen application in rice. Ausstralian 
Journal of Crop Science. 2012; 6(6), 
986-994.
[116] Wei D, Cui K, Ye G, Pan J, Xiang J, 
Huang J. QTL mapping for nitrogen-use 
efficiency and nitrogen-deficiency 
tolerance traits in rice. Plant and Soil. 
2012; 359, 281-295.
[117] Cho YI, Jiang W, Chin JH, 
Piao Z, Cho YG, McCouch SR, Koh HJ. 
Identification of QTLs associated with 
physiological nitrogen use efficiency 
in rice. Molecules & Cells (Springer 
Science & Business Media BV). 2007; 
23(1).
[118] Kim PS, Kim DM, Kang JW, 
Lee HS, Ahn SN. QTL mapping of Rice 
root traits at different NH4+ levels in 
hydroponic condition. Plant Breeding 
and Biotechnology. 2015; 3(3):244-252.
[119] Anis GB, Zhang Y, Islam A, 
Zhang Y, Cao Y, Wu W, Cao L, Cheng S. 
RDWN6 XB, a major quantitative trait 
locus positively enhances root system 
architecture under nitrogen deficiency 
in rice. BMC plant biology. 2019; 19(1), 
p. 12.
[120] Rehman MS, Harris PJ, Ashraf M. 
Stress environments and their impact 
on crop production. In: Ashraf, M., 
Harris, P.J. (Eds.), Abiotic Stress—Plant 
Resistance through Breeding and 
Molecular Approaches. Food Products 
Press, New York, NY. 2005.
[121] Shanker A, Venkateswarlu B. 
Abiotic stress Response in Plants-
Physiological, Biochemical and Genetic 
perspectives. Intech Publishers. 2011.
[122] Wani SH, Singh NB, 
Haribhushan A, Mir JI. Compatible 
solute engineering in plants for abiotic 
stress tolerance - role of glycine betaine. 
Current Genomics. 2013; 14: 157-165.
[123] Benjamin JG, Nielsen DC. Water 
deficit effects on root distribution of 
soybean, field pea and chickpea. Field 
Crops Research. 2006; 97:248-253.
[124] Amin MR, Zhang J, Yang M. Effects 
of climate change on the yield and 
23
Nitrogen Use Efficiency in Rice under Abiotic Stress
DOI: http://dx.doi.org/10.5772/intechopen.94038
cropping area of major food crops: A 
case of Bangladesh. Sustainability. 2015; 
7:898-915. DOI: 10.3390/su7010898
[125] Yuan LP. Development of hybrid 
rice to ensure food security. Rice Sci. 
2014; 21(1):1−2.
[126] Krishi Dairy. Dhaka: Agriculture 
Information Services (AIS), Ministry 
of agriculture, the government of the 
people’s republic of Bangladesh; 2016.
